Introduction
Among the metabolic pathways described in the scientific literature, the pathway of asparagine N-linked glycosylation is one of the better characterized and one of the earliest to have been described at a gene level. Most of the reactions involved in the first part of the pathway, the synthesis of the lipid-linked oligosaccharide (LLO), were already described in the 1980s (Hubbard and Ivatt 1981; Huffaker and Robbins 1983; Kornfeld and Kornfeld 1985) , and over the years, the book "Essentials of Glycobiology" (Stanley et al. 2009; Varki and Sharon 2009 ) has become the reference for summarizing the literature on this topic. However, in order to be useful for computational studies, a biological process not only has to be described in prose in the literature but also must be codified in a unique and well-defined electronic format, to which different studies can refer in order to obtain reproducible and comparable results.
In this paper, we describe the asparagine N-linked glycosylation pathway newly annotated in Reactome. Reactome (http:// www.reactome.org) is a freely available and open-source database of human biological pathways (Vastrik et al. 2007; Matthews et al. 2009; Croft et al. 2011) . Expert scientists, together with in-house curators, enter information into a central repository which is then peer-reviewed to obtain a consensus representation of the process or pathway. These data are extensively cross-linked to major protein and nucleotide sequence databases as well as to Gene Ontology (GO; Ashburner et al. 2000) and PubMed databases. A new website for Reactome was recently released, which will allow users to interact with curated pathways to a greater extent for searching and visualizing them and for analyzing user-supplied data sets.
Asparagine N-glycosylation in other databases
Reactions involved in the asparagine N-linked glycosylation pathway are already annotated in other scientific databases. The finest annotation is provided in KEGG/Pathways (Kanehisa and Goto 2000; Kanehisa et al. 2010) , in the entry hsa00510 N-Glycan BioSynthesis (http://www.genome.jp/ dbget-bin/show_pathway?hsa00510). The synthesis of the LLO, corresponding to the first steps of N-glycosylation, is also described in the MetaCyc database in the entry "Mannosyl-Chito-Dolichol-Biosynthesis" (Caspi et al. 2010 ). Details of a subset of the reactions in N-glycosylation are also described in Uniprot/Pathways (http://www.grenoble.prabi.fr/ obiwarehouse/unipathway/upa?upid=UPA00378) and in BioCarta (http://www.biocarta.com/genes/index.asp). The GlycoGene database provides fine annotations on the genes involved in asparagine-linked and other forms of glycosylation, along with their tissue distribution, substrates specificities and homologs (Ito et al. 2010) . Another resource comes from the CFG-Nature Functional Glycomics Gateway which characterized more than 7500 glycan structures (http://www. functionalglycomics.org/). The efforts on annotating N-glycan and other carbohydrate structures have been recently re-organized in the Glycome-DB database (Ranzinger et al. 2008 (Ranzinger et al. , 2009 ). However, in none of these databases, the pathway of asparagine N-glycosylation is completely annotated, from the synthesis of the precursor to the late branching steps.
Structure of a pathway entry in Reactome
In Reactome, pathways are composed by a conjunction of two different entries: "reactions", which are entries describing the details of a single metabolic reaction or of other kinds of gene-to-gene interaction; and "pathways", which are placeholders entries that group together different reactions with a similar function or role. For each reaction, the most important details provided are: a reference to GO for the localization of each component of the reaction and the molecular function of the enzyme involved in the reaction; the Uniprot (Jain et al. 2009; Uniprot Consortium 2010) and the Chemical Entities of Biological Interest identification numbers (ChEBI, De Matos et al. 2010 ) of substrates and products; the references to publications that validate experimentally the reaction in the human species; a descriptive summary explaining the reaction in detail and eventual implications of the genes involved in a reaction with a congenital disease are also described in the summary. Pathway entries are similar to reaction entries, but instead of a reference to a specific experimental evidence they contain references to reviews and books related to all the reactions included. They also are assigned GO Biological Process terms.
Results and discussion
The pathway of N-glycosylation and its subdivision into subpathways Figure 1 shows a schematic representation of the pathway used during the curation process, and Supplementary data, Table S1 shows the list of genes annotated in the pathway, and their subdivision into subpathways. The classification into subpathways is based on the current literature. For each of the subpathways, we provided at least one review describing it. As Reactome focuses on human pathways, we have provided only human-specific references, even if many steps on this pathway were originally identified and studied in other species, mainly in yeast. The first subpathway described is "Biosynthesis of the N-glycan precursor" (Hubbard and Ivatt 1981; Huffaker and Robbins 1983; Kornfeld and Kornfeld 1985; Yarema and Bertozzi 2001; Kelleher and Gilmore 2006; Weerapana and Imperiali 2006; Stanley et al. 2009 ). It corresponds to the first step in asparagine N-glycosylation and consists of the synthesis of a precursor molecule composed of 14 sugar/ monosaccharide units and usually referred to as N-glycan precursor or LLO. This process occurs on the endoplasmic reticulum (ER) membrane and produces a glycan with a defined structure, which constitutes a core common to all the N-glycans observed on mature proteins. Along with the entry for the "Biosynthesis of the N-glycan precursor", we decided to include the main reactions leading to the "Synthesis of substrates in N-glycan biosythesis", to describe the reactions leading to the synthesis of the small molecules required as sugar donors for the sugar-addition reactions in separate sections. In this case, the grouping of these reactions does not correspond to a single specific metabolic process, but has the simple role of organizing the reactions that lead to the synthesis of these biomolecules.
After being synthesized on the ER membrane, the N-glycan precursor is co-translationally attached to an unfolded protein, while it is still being synthesized by a ribosome attached to the ER membrane and transported to the ER through the Sec61 channel (Kelleher and Gilmore 2006 ). This step is described in the subpathway "Transfer of N-glycan to the protein".
The subsequent step in the pathway is "N-glycan trimming in the ER and Calnexin/Calreticulin cycle" where the N-glycan is trimmed of glucose residues and many of the mannose residues and is involved in the process of folding of the protein to which it is attached (Ferna et al. 1998; Parodi 2000; Ruddock and Molinari 2006; Caramelo and Parodi 2008; Roth et al. 2008; Aebi et al. 2010; Freeze et al. 2009; Lederkremer 2009; Shental-Bechor and Levy 2009; Määttänen et al. 2010) . In this step, an intermediately trimmed form of the N-glycan is used as a signal for the binding of the unfolded glycoprotein to a chaperone protein (calnexin or calreticulin) with the role of providing an environment where the former can fold properly without engaging in incorrect interactions with other proteins. The presence of at least one N-glycan sugar is important for this interaction in the majority of the proteins in the secretory pathway. If the glycoprotein does not correctly fold after interacting with the calnexin or calreticulin complex, it is transported to a compartment called "Endoplasmic Reticulum Quality Control Compartment (ERQC)" (Avezov et al. 2008; Kamhi-Nesher et al. 2001) , where it can be directed toward degradation in the case of major folding problems, or returned back to the calnexin or calreticulin complex.
If the glycoprotein is instead folded properly, it is transported to the Golgi complex where the N-glycan undergoes further modifications (Murshid and Presley 2004; Appenzeller-herzog and Hauri 2006) . The mechanism of transport has been described in the subpathway "Transport to the Golgi and subsequent modification"; here, we also added a reference to another mechanism for N-glycosylation-independent ER-to-Golgi transport, through which some glycoproteins can be transported even in the presence of inhibitors of the calnexin/calreticulin-related glucosydases (Wieland et al. 1987; Martínez-Menárguez et al. 1999) . N-Glycans observed in human cells on mature proteins are usually classified into three different classes: oligomannoses, complex glycans and hybrid glycans (Stanley et al. 2009 ). We decided to describe the mannose trimming reactions occurring in the medial-Golgi, where the first choice between synthesis of oligomannoses and GM Dall'Olio et al. Asparagine N-linked glycosylation pathway hybrid/complex N-glycans is made, as a separated subpathway, "N-glycan trimming and elongation in the cis-Golgi". After the trimming of the mannoses on the α1,6-branch has been carried out, the pathway of N-glycosylation becomes very complex and becomes a network of reactions in which few enzymes originate thousands of different N-glycan structures, as described in the Glycome-DB database (Ranzinger et al. 2008 (Ranzinger et al. , 2009 . Since most of these reactions have not yet been characterized experimentally, it has not been possible to include the detailed structure of this network of reactions in Reactome. Although some reconstructions on the structure of the network of complex asparagine N-glycosylation are available (Kornfeld and Kornfeld 1985; Murrell et al. 2004; Hossler et al. 2006; Hossler et al 2007; Kim et al. 2009 ), these refer only to computationally inferred reconstructions of the network of N-glycosylation; therefore, they cannot be included in Reactome. Instead, a reaction has been created for each enzyme known to be involved in the modification of the N-glycan antennae, using a generic "N-glycan" entry for input and output. For example, we described only a single reaction for the addition of α1,6-fucose to the first GlcNAc of the N-glycan by the enzyme FUT8, using an "N-glycoprotein" as input and an "N-Glycoprotein with fucosyl α1,6-GlcNAc" as output, without specifying the exact structures of all the possible inputs and outputs of this modification. Among these reactions, we decided to annotate in separate subpathways the "reactions specific to the hybrid N-glycan synthesis pathway" such as the addition of a bifurcating GlcNAc by MGAT3, and the "reactions specific to the complex N-glycan synthesis pathway", such as mannose trimming by MAN2 (Crispin et al 2007) , and finally, we put all the N-glycan antennae modification events known to be common to both hybrid and complex glycans under a common subpathway, entitled "N-Glycan antennae elongation".
Advantages of annotating a pathway in Reactome
One of the strongest points of Reactome is its open-source-like approach toward annotation, which allows a good interaction with users who want to submit corrections or feedback. The inclusion of a reference and a description for each reaction facilitates the tracing back of the sources used for each annotation and prevents incorrect interpretations of the data. The names of authors and reviewers of each reaction are shown publicly, so they are available for discussion and clarification. Moreover, the Reactome web interface makes it easy to submit error reports, providing a "Let us know what you think of this article" button on each reaction page.
Thanks to the Reactome web interface, a pathway can also be exported to advanced formats like BioPax (Luciano 2005) , SBML (Hucka 2003) , Protegè (http://protege. stanford.edu) and Cytoscape (Cline et al. 2007) , facilitating the integration with other tools used in computational biology and bioinformatics. Each reaction can be navigated and integrated with other pathways annotated in the same database, making it possible to see which of the entities involved in a given pathway participate to other biological processes.
Points worth further investigation
The process of annotating this pathway in Reactome has been an opportunity to identify and report various errors present in other databases. These changes are describes in Supplementary data, Document S1. Other unclear or missing information have been found in the literature and may deserve further investigation.
First, the gene ALG10 has been found to have experienced a recent duplication in some primates (Homo sapiens, Pan troglodytes, Pan paniscus, Gorilla gorilla, Pongo pygmaeus but not in Macaca mulatta; T Marquès-Bonet, personal communication), so in these species, it is present in two copies, called ALG10A and ALG10B. To date, no literature explains which of these copies is the functional one, or whether they are both functional genes. It would be interesting to study this recent duplication specific to great apes on a gene involved in a process so conserved and functionally constrained such as the synthesis of the N-glycan precursor.
Second, there is no specific literature to demonstrate that the addition of the third, fourth and fifth mannoses are added by the genes identified as ALG2 and ALG11 in humans, during the synthesis of the LLO; further investigation could validate these reactions in humans.
The high quality of the newly annotated pathway will allow researchers to use it with a high accuracy and confidence and will help to disseminate the idea that accurate biological knowledge and automatic use of database information can go together in good scientific setting
Availability
The new entry is available at the address http://www. reactome.org/entitylevelview/PathwayBrowser.html#DB=gk_ current_pathway_diagram&FOCUS_SPECIES_ID=48887& FOCUS_PATHWAY_ID=446203&ID=446203, or from the alternative url http://tinyurl.com/nglyco-reactome. A screenshot of the pathway from the Reactome website is shown in Supplementary data, Figure S1 .
Materials and methods
For the annotation of the pathway, we followed the Reactome's standard procedure on how to submit a new pathway. For every reaction proposed, we provided a reference showing that the reaction involved the described components and that it occurs in humans. In the cases where it has not been possible to provide the evidence that it occurs in human, we annotated a reference relative to another species and created a reaction in that species which is then inferred for the human reaction. For historical reasons, most of these references are relative to Saccharomyces cerevisiae.
Along with the literature reference(s) for each reaction, the standard information captured by Reactome is as follows: GO terms are used to describe the molecular function of catalysts (GO molecular function), locations of entities and events (GO cellular component) and overall processes occurring (GO biological process). A reaction contains input and output entities which may or may not be catalyzed by a protein. Proteins and chemicals are assigned UniProt IDs and ChEBI IDs GM Dall'Olio et al. (Chemical Entities of Biological Interest), respectively. A summary is included describing the details of the event in question. Outputs of reactions can become inputs for other reactions and in this way a connected pathway can be built up.
The information is provided to a Reactome curator who enters the information into the database using an in-house GUI called the Curator Tool. A second expert is recruited to check the data for biological correctness. Any comments are discussed between author, curator and reviewer until a consensus pathway is reached.
Most of the ChEBI IDs used to identify glycans in the pathway have been explicitly created in collaboration with the ChEBI maintainers. In these cases, we took the entries in the Glycome-DB (Ranzinger et al. 2008 (Ranzinger et al. , 2009 ) database as models and requested a ChEBI ID with the same chemical structure. Differently from the convention used in the KEGG database and similar to what has been made for Glycome-DB, we decided to not include the Aglyca part of the glycan (i.e. the amino acid to which it is attached) in the structure, but only to annotate all the possible Aglycas known in the literature, taking the Glycome-DB entries as reference. The list of reactions used during the curation process and details of each of the reactions annotated are provided in Supplementary data, Table S2 .
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/. 
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